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(54) Device comprisinglbrgantc N-channef semiconductor material 

(57) The invention provides . a device comprising an 
improved n-channel semiconducting film, the film 
formed from a fused-ring tetraqgtffaoxvlic diimide com- 
pound which exhibits a field effect electron m'obifity 
greater than 0.001 cm^/Vs, Udyantagepusly greater, 
than 0,03 cm^/Vs, in film form. Contemplated com- 
pounds include na phthalene j^j^S j tetracarboxyiic acid 
d iimide s, naphthajene_2 ^3, 6^7 t^tragarboxyti^ acid diim - • . 
ides. anthracene_2.3 fi,7-ff^rar a r feQxy|ic acid diimlde sv- 
and heterocycltc variants therejof" The n-channel com- 
pounds are capable of being'significantly soluble In 
common organic solvents, albwing for solutbn deposi- 
tbn of active semiconductor fi!m$« and are also capable 
of possessing significant volsitility, such that vapor 
phase deposition, where desirecf* is relatively facile. It is 
also possible for the co mpou nds;io display the desirably • 
high n*channei mobilities and on/off ratios even when 
operated in air 
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Description 

CROSS-REFERENCE TO RELATED A PPUCATION 

[0001] This application is a cOFitinuation-in-part of 
U.S. application Serial No. 09/280103 tiled on March 29, 
1999. 

BACKGROUND OF THE INVE^smGN 
Field of the Invention 

[0002] The inventbn relates ta:!devices containing 
organic semiconductor materials, ihi^parttcular thin film 
transistors containing such material; 

Discussion of the Related Art 

[0003] Organic thin film transistorS^ (TFTs) are 
expected to become key co i i ipuiiBiife of t li e pidsiti c^- 
cuitry in, among other things, display-drivers of portable' 
comp uters and pagers. andnmemoT^Jeteme rits c5f trans- 
action cards and identification tags^j^fftiere ease of 1ab- ^ 
rication, mechanical flexibility, and ' l i i uUtJ i atb -operating 
temperatures are important consid:erations. A typical 
organic TFT is shown in Rg. 1. Ttie TFT contains a 
source electrode 10, a drain biwt i oUe 12, a ngate -elec- 
trode 14, a gate dielectric 16, a sujpstrate 18. and the 
semiconductor materia! 20. When ihe TFT operates in 
an accumulation mode, thextTarges'injectBd'frDTn the . 
source 10 into the semiconductor ^-mobile and. con- 
duct the source-drain channel -current, mainly In a thin' 
channel region within about 1 00 Ang^roms of the sem- 
iconductor-dielectric interface: ■(See--.e,g.,^.A; Alam'net 
al,, *A Two-Dimensional Simulatioinr^pfOtganfe 
tors," IEEE Transactions on Electron Devices. Nfol. 44^ . 
"No, S t1^7).)in the TOnfigu ration .pt?F^. 1 . the charge 
need only be injected lateraHyirn?T| the source: 10 to 
form the channel In the absence 'of a gate ffeld, the/ 
channel ideally has fev/ charge carriers, and there is 
ideally no source-dnain conduction. The off cunrent is 
defined as the current flowing between the source 10 
and the drain 1 2 when charge has i x iibeen i ntentionally 
injected into the channel by the-apptioa^Gn-ol a-§ate 
voltage, arrd for an accumulation mode TFT, this occurs 
for a gate-source voltage more positive (for p-channel) 
or negative (for n-channel) than a ceiftain voltage icnown 
as the threshold voltage. (See, ^g.^S-M. Sze, Semicon- 
ductor Devices - Physics and Techriology. John Wiley & 
Sons (1985).) The on current is de$ned asthe current 
flowing between the source 10 arid;the cirain 12 when 
the channel is conducting. For a pHchannel accumula- 
tion-mode TFT, this occurs at a gate-source voltage 
more negative than the threshold vottj«ige, and for an n- 
channei accumulation mode TFT.^b occurs at gate- 
source voltage more positive than the- threshold voltage. 
It is desirable for this threshold voFteige to be zero, or 
sligfitly positive, for n-channel operation. Switching 



between on and off is accomplished by the application 
and removal of an electric field from the gate electrode 
14 across the gate dielectric 16 to the semiconductor- 
dielectric interface, eflectivety charging a capacitor. 
5 [0004] Organic semiconductors provide the switch- 
ing and/or logic elements in such TFTs. Significant 
progress has been made in the development of these 
semiconductors, with mobilities well above 0.01 cm^Ns 
and on/off ratios greater than 1000 demonstrated for 
10 several classes of compounds, including compounds 
capable of operation in air. With these properties, TFTs 
are capable of use for applications such as pixel drivers 
for displays and identiftcation tags. However, most of the 
compounds exhibiting these desirable properties are p- 
15 type, meaning that negative gate voltages, relative to 
the source voltage, are applied to induce posKive 
charges (holes) in the channel region of the device. 
[0005] Yet, one important type of TFT circuit, known 

,.a& a complementary circuit, desirably contains an n- . 
"SO ••'type seiiiicunduuluj iiialuiicil uxl libitii ly dubii dbte .-ptqp- 
erties. (See, e.g., A. Dodafaaiapur et al, "Complemen- 
tary circuits wTth organic Trainsistors,^' Appt-Phys. Lett.. 

' VW. 69. No. 27, 4227 (1"996).)ThetabFica^ 
Tnentaty circuits Tequires at ieast one p-chanr^el TFT 
25 and, at least one n-channel TFT (rK:hannel indicating 
that positive gate voltages, relative. to the-source volt- 
age, are applied "Id induce negative rliaiges into the 
channel region of.the device). In particular, simple com- 
ponents such as inverters have been realized using 
~30 romptementary. circuTt arcTiitectUTe.'Ad vantages o1 cona- 

. plenientary xnctnts, lelative, to mJiiuuy . Tf^ xtr<:uits^ 

-fnelude-bwer-pewer^fssipatibn^-lociger lifetime, and bet- 
ter tolerance of noise, tt is often desiraTale to have the 

TTTobility and on/off ratio of an n^hannel device be of 

35 xnitUi uicujiiiludo.lu Ihe tiiubilily cttid onifoff THtfO^f-a p- . 

' channel device. Hybrid complementary circu its using an 
inorganic n-channe4 semicoriductor are known, as 
' reflected in A^iPbdabalapur et al.. ADPI."Phvs.1,ett :. Afej.. 
08-, 22S4 ( 1 996), ^t for ease of fabrication; an- organrc 

40 , n-channel serrrtcondijcnDr material is desired: 

[00 06] . Only a limited number of materials have 
been developed for the n-type component of such 
•. ufyanic cuiiipleTnentary circuits, however. *^pec7ftcally, 
• UulKi I lii iblei f ullBrefle -(G^q) uxI libilu "a -TnobTfity- of -0.08" 

45 <im^/SJs but is unstable -in -air. -Peffluorinated copper 
phthalocyanine has a lower-mobility, about 0:03 cm^Ns, 
but is geneTaltystable to airoperation. Other n-chan net 
semiconductors, including some.based on naphthalene 
frameworks, have also been reported, but with lower 

50 -mobilities. (See. e.g., J.G. Laquindanum et at, "n-Chan- 
nel Organic Transistor Materials Based on Naphthalene 
Frameworks," J. Am. Chem. Soc. . Vol. 118, 11331 
(1 996).) One such naphthalene-based n-chanriel semi- 
conductor, tetracyanonaphthoquinodimethane (TCN- 

55 , NOD), is capable of operation in air, but the material has 
displayed a low orVoff ratio and is also difficult to pre- 
pare and purify. 1\4oreover. there have been no n-chan- 
Tiel OTganic materials capable o1 being deposited onto a 
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substrate from solution, e.g.. as exposed to subiimation, 
and many orgarric n'Channef:^aterials are actually 
highly insolubls or unstable tijvSissalutbn. In addition, 
the high-mobifrty (>0.01 cm^/Vs}vcompounds previously 
reported are highly absorbing iijlttie visible region of the $ 
spectrum. 

[0007] Due to the advanta^s offered by comple- 
mentary TFT circuits, imprqy^ organic n-channel 
materials are desired, in partjqujar organic n-channel 
materials exhibiting high p8rfoj:m;ance, easy processa- io 
bility. and stability in air, and^: :advantageously, also 
transparency to visible light 

SUMMARY OF THE INVENmOf^ 

10008] The invention provKi^ a device comprising 
an improved n-channel semiconducting film. The n- 
channel semiconducting film comprises a f used-ring tet- 
racarboxylic diimtde compoundf^virhich exhibits a field 
effect electron mobility greater: than 0.001 cm^/Vs. 20 
advantageously greater than 0;0c3 cm^A^s in film form 
Mobilities exhibited are among tfie highest reported for 
n-channel materials, e.g., in th^ range of 0.001-0.16 
cm^/Vs. In addition, the n-chancSitfilm of the invention is 
capable cf providing on/off ratio^cl.at least 100, advan- ss 
tageously at least 1000. mora .acfyantageously at teast 
50,000 (with the off cun^ent miksured with a zero or 
positive gate-source voltage and.a drain-source voltage 
between zero and 100 volts, the on current measured 
with a gate-source voltage at pc below 100 V and a so 
drain-source voltage between ;^er9 and 100 volts, not 
exceeding the drairvsource voK^e used for measuring 
the off current and employing a: gate dielectric with a 
capacitance of 1 .1 x 10"® F/cm^)-: 

(0009] Contemplated compounds include naphtha- 35 
lene 1 ,4.5,8 tetracarboxylic acid diimides, naphthalene 
2,3,6,7 tetracarboxylic acid . Slimides, anthracene 
2A6,7'tetracarbQxylic acid diir^iides, and heterocyclic 
variants thereof. One advantageous group of com- 
pounds is naphthalene 1 ,4.6i8>tetnacart)oxylic acid 40 
diimides with linear chains of four to twelve saturated 
atoms, generally carbon atoms; ;affixed to each of the 
two imtde nitrogens. In anothetiiadvantageous group, 
instead of the Gnear chains, tfie: compounds have an 
electron deficient benzyl group arched to each of the 4$ 
two imide nitrogens. The comppiijnds are shov^ 
where R designates such linelar chains or benzyl 
groups. 




Advantageously, at least a portion of the substituents on 
the carbons of the linear chains or benzyl groups are 
fluoro substituents, which appear to improve the capac- 
ity for operation in air. 

[0010] The n-channel semiconductor compounds of 
the invention offer advantages over other, previously 
reported n-channel compounds. For example, the com- 
pounds are capable of being significantly soluble in 
common organic solvents, allowing for solution deposi- 
tion of active semiconductor films. The compounds are 
also capable of possessing significant volatility, such 
that vapor phase deposition, where desired, is relatively 
facile. It is possible for the compounds to display the 
desirably high n-channel mobilities and on/off ratios 
even when operated in air Also the n-channel films are 
capable of being forrried such that they are relatively 
transparent to visible light In addition to individual tran- 
sistors,, it is possible to form a useful complementary cir- 
cuit, e.g., an inverter circuit, using the n-channel organic 
compounds of the invention. In fact, according to the 
invention, it is possible to form a complementary circuit 
by solution deposition of both the p-channel and n- 
channel semiconductors, where the resultant circuit dis^ 
plays useful invertef activity and is ope rational in air 

BRIEF DESCRIPTION OF THE DRAWINGS 

{0011J 

Fig. 1 illustrates a typical organic thin film transistor. 

OETAIIED DESCRIPTION OF THE INVENTION 

[0012] The invention provides a device comprising 
an improved fi-channel semiconducting film, , the film 
comprising a fused-ring tetracarboxylic diimide com- 
pound which exhibits a field effect efectron mobilky 
greater than 0.001 cm^/Vs. Advantageously, the mobil- 
fty is greater than 0.03 cm^A/s. In addition, the n-chan- 
nel film of the invention is capable of providing on/off 
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ratios of at least 100, advarnageousty at least 1000, 
more advantageously at least 50,000. Moreover, these 
properties are attainable in air, i.e:; during exposure of 
the device and/or the film to air 

[0013] The compounds of thei;} invention take Into s 
account several parameters that ccintribute to desirable 
properties. The lowest lying uDoqcupted molecular 
orbital of the compound is at an e^^y that allows for 
injection of electrons at useful voltages from metals with 
reasonable work functions. The solid state structure of 70 
the material has the individual mofecules packed such 
thai the oriaitals of the conjugated^^ystenri (containing 
the aromatic rings and/or the imi<^6arbonyl groups) of 
adjacent molecules are able to intiii^, leading to high 
crystal mobility. The directbn of this interaction has a rs 
component paiallel to the directipnVof desired current 
flow in a devrce using this materiat^as the active layer. 
The morphology of the films formed by the material is 
substantially continuous, such .^tfiat current flows 
through the material without unacfsejstable interruption. 20 
In addition, to confer the advantagi^.of facile process-^ 
ing from solution and/or stability tofbperation in air, the 
compound structures altow the materials to assemble 
into active ftlms from solution. It fs .ajsp possiUe to form 
films that are not unduly sensitive::^^or pemieable to 2? 
environmental contaminants such a# oxygen and water 
vapor. 

[001 4] I n particu lar, the compoiijrids of the invention 
contain a conjugated core structur^jraving two or more 
fused aromatic rings along with .^iSbtron withdrawing so 
dicarboxylic add imide substitueriU^!: This conjugated 
structure general^ has a desrrabl^l^pwest unoccupied 
molecular oitoital (LUMO) energy iSrel of about 3.5 to 
about 4.6 eV with refererrce to they^puum energy level. 
(As known In the art, LUMO energyOfevel and reductwn 35 
potential approximately describe tfiesame characteris- 
tics of a material. LUMO energy leyet yalue^ are meas- 
ured with reference to the vacuun^ energy level, and 
reduction potential values are mealed In solution ver> 
sus a standard electrode. The alkavi^bte range for both 40 
pauameters according to the present inventran is about 
1 .1 eV. Thus, either property may t^i.used to define the 
compound of the devk:es of the pn|^nt invention. As 
also known in the art, defining r^^iiqtbn potential in 
terms of a standard electrode mea^$ that the reduction 45 
potential is measured relative to electrode potential. A 
standard calomel electrode commoniy used is 4.2 eV. In 
the case of a 4.2 eV catomel elec&ipde, the reduction 
potential equivalent to a LUMO ene^ level of about 3.5 
to about 4.6 eV is about -0.7 to about -K).4 eV versus 59 
standard cornel electrode. As knoi^^ in the art. LUMO 
energy level is typically measured;^ analyzing pho- 
toemission spectra, e.g. , x-ray or u|6iayk)let, and reduc- 
tion potential is typically measured/.^y electrochemical 
potential scanning.) V 55 

[0015] Typically, a combination^f two dicarboxylic 
acid imide groups and two or three fused aromatic rings 
provides useful properties, as in naphthalene tetracar- 
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boxylic acid diimides and anthracene tetracarboxylic 
acid diimides. Contemplated compounds include naph- 
thalene 1 ,4,5,d-tetracarboxylic acki diimides, naphtha- 
lene 2,3.6,7 tetracarboxylic acid diimides and 
anthracene 2,3,6,7-tetracarfc)oxylic acid diimides! It is 
possible for some of the cartions iaf the airomatic ririgs to 
be replaced by heteroatoms. or foi- some of the^arbons 
of the rings to be hatogenated or othenA^ise contain 
small substituents - subject to the requirements that the 
orbital energies be within the useful range and that the 
compounds be chemrcaliy, ptiotochemically, and ther- 
mally stable. The aromatic cores should not be so large 
that the compounds become difficult to process from 
solutbn or at ambient temperatures, and maintaining 
less than 8 fused rings (counting tx)th the fused aro- 
matic rings and the cyclic imide groups) is therefore 
desirable. Naphthalene 1,4,5,8 tetracarboxylic acid 
diimkies tiave been shown to be useful, in particular 
N.N'-bis(1 H,1 H-perfluorooctyl)-. N.N'-bis(1 H,1 H-per- 
fluorobutyl)-, and N,N-dk>ctyl naphthalene-1 ,4.5,8-tet- 
racaiboxylic acki ditmide derivatives (where H indicates 
a chain position that is not fluorinated while the other 
chain positions are f uHy substituted withiluoro groups), 
as well as N,N'-bis(4-trifluoromethylbenzyl}napthalene- 
1 .4.5.8-tetracarboxylk: acid diimide. 
[0016] The molecules are substituted with groups 
that allow for close packing of the conjugated cores, and 
that induce assembly of the compounds into thin films 
with useful molecular orientation and bulk morphology, 
particularly from solutioa Linear chains having a length 
of four to twelve atoms are typically useful, with chains 
of 8 atoms being particularly useful. Electron-deficient 
berttyl rings are simitariy useful. It is convenient and 
berieficial to attach these chains to imido nitrogen 
atoms of dicarboxylic acid imide substituents on the 
conjugated cores. 

[0017] ' It is advantageoiisld avoid substituents that 
tend to interfere with dose approach of the conjugated 
cores. Such substituents include branched substituents 
such as tertiary butyl groups, and aromatic rings, where 
such groups or rings are oriemed in such away that the 
substituents pose a significant steric barrier to arrange- 
ment of the ring cores that are favorable for electron 
transfer among molecules. It is possSjIe for substituents 
to be oriented out of the plane of the cores but still not 
interfisre with their close approach if suitable stacking 
geometries are possible. It is also possible that properly 
selected substituents wilt promote this desired close 
approach. In addition, cfiains k>hger than twelve atoms 
are possible, but tend to lower the solubility and^or vola- 
tility of the compounds. 

[0018] The n-channel semiconductor compounds of 
the invention exhOait decreased sensitivity and/or per- 
meability to oxygen. In one approach, this characteristic 
is provkied by incorporating additional electron with- 
drawing substituents, such that the lowest unoccupied 
molecular orbital is at the higher end of the energy 
range (injected electrons more stable) relative to vac- 



4 



7 



EP 1 041 653 A2 



8 



uum. Suitable substituents irrqiudd heavily fluorinated 
alkyt chains and eiectron-defiqi^nt benzyl groups. Such 
groups provide an etectron^^^hdrawal effect that is 
inductive in nature. A iimrtatipn^tp this approach is that if 
the ofbital energy is too high.^^ych that a radical anion 5 
formed from the compound is too stable, the compound 
becomes susceptible to uninteiittidrial n-doping, leading 
to high off currerrts and lowepifpin/off latios. In fact, this 
limitation is found in the prior^rt compound TCNNQD. 
noted above. 

10019] In a second approach, the substituerrt 
attached to the imide nitrogens; is designed to fill as 
much space as possible in tj^ircrystal, other than the 
space already occupied by t(¥9 conjugated aromatic 
cores, subject to allowing thi;^n]ugated systems to is 
interact This is typically accomplished by increasing the 
effective cross-section of the lioear chain, for example 
by incorporating fluoro substitijients on at least some of 
the cart)on atoms of the chainv^Dne result of doing so is 
to hinder access to tfie active f^faris of the device, partic- 
ulariy the interfacial regions rifar the source and drain 
electrodes and near the dieledtrjc (the channel region) 
to deleterious environmental .Agents such as oxygen 
and water In addition, incoffiqration of heteraatoms 
such as oxygen atoms, instead: jpf some of the carbon 2S 
atoms in the chains, is corft^rnplated. When using 
chains containing fluoro subslji^ents, it is useful for all 
atoms of the chain to have attached fluoro substituents 
except the chain atom that is attached to the imide nitro- 
gen. Useful chains having such fluoro substituents 30 
include 1 H,1 H-perfluorooctyl agji: tH.I Hiaerfluorobutyl, 
with H having the above-specifi|d meaning. 
[0020] It is also possib#:to form naphthalene 
1,4,5,d-tetracarfaoxync diimide;i;.that are substantially 
transparent in the visible region bf the spectmm. Specif- 35 
ically, the compound advantagenpusly exhibits an extinc- 
tion coefficient, e, less than 1 .at visible wavelengths 
above 450 nm. (See. e.g., M;!^|tdachi et al.. "Spectral 
Similarity and Difference of Na|iif^lenet9tracarboxylfc 
Dianhydricte, Rerylenetetnacarfaoxylic Dianhydride, and 40 
Their Derivatives," J. Phvs. ehem.. Vol. 99, 14240 
(1995).) Thus, according to thetliwention, it is possSale 
to form an n-type semiconductof compound exhibiting 
the combination of a mobility greater than 0.01 cm^/Vs 
and substantial transparency iriivthe visible region of the 45 
spectrum. 

[0021] The n-channel serniconductor films are 
capable of being formed on ;a^ suitable substrate. 
Examples of such substrates; include silicon dioxide, 
other oxides such as alumina, g^ss, e.g.. spin-on glass, so 
and d»tectnc polymeric mateoais, e.g.. liquid phase 
processable materials such as; pblyimides. A variety of 
gate and electrode materials, as known in the art. are 
also suitable, including printablejmaterials such as car- 
bon ink or silver-epoxy. Variou^/ipontact configurations 55 
are also contemplated. / 
[0022] The semiconductor fips of the Invention are 
deposited onto a substrate by aiiy suitable, method. As . 



reflected in the examples, deposition into a film from 
solutfon is possible, e.g.. by techniques such as dis- 
eased in co-filed, co-assigned application entitled 
"Process for Fabricating Organic Circuits" (our refer- 
ence Katz-Li 30-1 ). Deposition by a rapid sublimation 
method is also possible. One such method is to apply a 
vacuum of 10"^ - lO''* torr to a chamber containing a 
substrate and a source vessel that holds the compound 
in powdered form, and heat the vessel over several sec- 
onds urrtil the compound sublimes onto the substrate. 
The mobility of such films is capable of being increased 
by carefully controlling the heating rate, maximum 
source temperature, and/or substrate temperature dur- 
ing the process. Conventional sublimation is also possi- 
ble. Generally, the most useful compounds form as well 
ordered films, with amorphous films being less useful. 
[0023] Devices for which the n-channel semicon- 
ductor films of the invention are useful include sif^le 
thin film transistors and complementary inverter circuits. 
Other devices in which TFTs are useful, such as ring 
oscillators, and more complex circuits, ag., shift regis- 
ters, are also possible. 

[0024] The invention will be furtfier clarified by the 
following examples, which are intended to be exem- 
plary. 

Synthesis Procedure 

[0025] Synthesis of naphthalenetetracartDoxylic 
acid diimides: A mixture of rraphthalene tetracartwxylic 
acid dianhydride (available from Aldrich Chemical Com- 
pany), a 50-100% excess of an amine (per anhydride 
group), i.e., 1H,1H-perfluorooctylamine. octylamine, or 
1H,1H-perfluorobutytamine (available from Aldrbh or 
Lancaster Synthesis), zinc acetate (0.8 equivalents per 
dianhydride molecule), and 10-15mL of quinoline per 
gram of dianhydride molecule was heated over several 
hours until a temperature of about 220**C was reached. 
The mixture was allowed to cool, and precipitated solkis 
were collected, washed with 50-100 mL (per gram of ini- 
tial dianhydride) each of boiling 2% aqueous NajCOa, 
boiling water, and toluene kept betow the temperature at 
which the product would be substantially dissolved. The 
solid was then suljlimed at 10"^ to 10*^ torr. 

Fabrication of vaoor phase-deposited TFTs 

[0026] A silicon substrate coated with 3000 Ang- 
stroms of Si02 was loaded into a vacuum chamber on a 
temperature-controlled copper block. The temperature 
of the block was capable of being raised, and a film of a 
naphthalene tetracarfaoxylic acki diimide compound 
was evaporated onto the substrate, generally about 500 
Angstroms thick, A small region of the film and oxide 
was scratched away, and gold source and drain elec- 
trodes and a gate contact were then deposited through 
a shadow mask. (1000 A thick gold typically provided 
useful contact) Mobilities and on/off ratios were deter- 
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mined from devices of width to lerjgrth ratios of about 4 
to 20, scanning a range of zero t^}jpO vdts for both the 
drain-source and gate-source volt^^es. 

Example 1 : 

[0027] For N,N'-bis(1 H.i H-pej^iorooctyO-naphtha- 
terie-1,4,53-tetracafbpxylic acid.djjmide, with the cop- 
per block at 70'C, a mobility of;:g;G6 cm^A/s and an 
on/off ratio of 300,000 were obtained. When the block 
was ieft at ambient temperaturi^ (about 25°C), the 
mobility was 0.01 cm*^/Vs and^tfie on/off ratio was 
20,000. At Sa^C, the mobility wa^i);:02 cm^A/s and the 
on/off ratio was 50.000. At 1 00'Ci;Sie mobility was 0.03 
cm^/Vs and the on/off ratio wasS^ve 100,000. AH 
properties were measured in air. v/ 

Example 2: 

10028] Using N,N'-bis(1HJH^|effflaorDbutyl)-naph- 
tha!ene-1,4,5,S-tetracarboxyfic a4iS:-diimide. at 68'*C, 
the mobility was 0.01 cm^/Vs, wSfe an on/off ratio of 
40,000, measured in air. ^; 

Example 3: 

[0029] For N,N*-dioctyl nagfehalene-1 ,4,5,8-tet- 
racarfaoxylk: acid diimide, the mobjjj^ was between 0.1 
and 0,2 cm^A/s, when measured; Jlincter high vacuum 
after several days* pumping witfi-: a turtiopump. The 
on/off ratio under these conditions: wias 300,000. 

Example 4: 

[OOSq For N,N^bis(4-trif}uor6rniethyft3en2yl)naptha- 
lene-1 ,4,5,8-tetracarboxylic acid diiraide deposited with 
the block at 98'C. the mobility wa^ :0.09 cm^A/^s. The 
on/off ratio was 100. With the bloc^it 90*C. the on/off 
ratio was 180. (And. also for th^QO'C temperatutB. 
when a gate voltage of -60V was us^d for the "off" con- 
dition (with the device electrically : isolated), the on/off 
ratio was 30,000.) 

Fabrication of sohition-deDositBd TFTs 
Example 4: 

10031] A solution of N,N'-bi^iH,1H-perfluorooc- 
ty l)naphthalene-t .4,5,8-tetracarboxy iic diimide, 400 
parts per mtUton by weight, in a^i£a-trifluorotoluene, 
was prepared by gentle heating, lifiiis: solution was cast 
onto a silicon/Si02 substrate that li^d been preheated 
to about 100*^0. The solvent evaporated, within about 2 
minutes. A 1 cm^ regbn of the^-substrate became 
coated with a thin deposit that sfiiowed significant n- 
channel activity when tested witlT^gtold electrodes as 
above. The highest mobility obtairi^jd was.0.07 cm^/Vs 
measured in air with a device width/length ratio of 1 .7, 



although other parts of the area showed mobility an 
order of magnitude knver. 

Example 5: 

5 

10032] A 200 ppm solution of N,N'-bis(1H,1H-per- 
fluorooctyl)naphthalene-1 .4,5.8-fetracarboxyfic diimide 
was used, on a substrate that was additionally treated 
with mostly monomeric 1H,1H,2H,2H-perfluorodecyltri- 
10 ethoxysilane, 0.5% solution in xylene, for 1 5 minutes at 
70''C. The mobility was about 0.005 cm^A/s measured 
on the same sized device as Example 4. but the mobility 
varied by less than a factor of three over the entire 
active area. 

15 

Example 6 - Fabrication of Complementary Circuit: 

[0033] An uncoated region of the 400 ppm, 
untreated substrate sample from Example 4 was used 

20 to cast a film of 5,5"'-dihexyl-2,2'.5',2",5°,2",5'".2""- 
quinquethfophene from a 400 ppm toluene solution at 
lOO^C under vacuum, as descrtoed in co-filed applica- 
tion "Process for Fabricating Organic Circuits\ dis- 
cussed above. Gold electrodes were deposited on the 

25 thtenyl compound. Inverter circuits were constructed by 
conrtecting the drain electrode of a diimide device with 
the drain electrode of a thienyl device, and fonning an 
output contact from the connection. The effective W/L 
ratb of the thienyl devices ranged from 1.7 to 0.1 . The 

30 output was switched between ± 0-10 volts and ± 68-98 
volts by sweeping the gate over a range of 60 volts and 
applying a voltage of 100 volts to the source of the 
thienyl device, or -100 volts to the source of the diimide 
device. Output voltage differentials as high as 95 volts 

35 and gains as high as 10 were observed. 

Fabricatloh bv Rabid Sublimation > Exatnole 7 

[0034] A device .was fabricated by mounting a 

40 Si/Si02 substrate and N,N*-bis{1H,1H-perfluorooc- 
tyl)naphthalene-1,4,5,8-tetfacaibaxylic acid diimide 
source in a bell jar evaporator. The pressure was low- 
ered to below 10'^ torr.but above 10^ torr. The source 
was heated, and sublimation began vvithin 20 seconds. 

45 A film of material was deposited onto the substrate in 
about 5 seconds. The source was altowed to cool, and 
carbon electrt»des were painted onto the film with a 
paint brush using cartoon black suspended in isopropa- 
nol. The sample was heated for 5 seconds to about 70 

50 degrees to remove solvent. The mobility was O^MS 
cm^Ns and the on/off ratio was about 300. 
[0035] ' Other embodiments of the invention will be 
apparent to those skilled in the art from consideration of 
the specification and practice of the invention disclosed 

55 herein. 
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Claims 

1. A device comprising an rirbhannel semiconducting 

ffim. wherein the fftm cpifiprises a lused-ring tet- 
racarboxylic diimide compbund find wherein the 
film exhibits a field effect Jelectron mobiiity greater 
than 0.001 cm^A/s. 

2. A process for fabricating :a. device, comprising the 
step of depositing onto at:substrate an n-channel 
semiconducting film that ..comprises a f used-ring 
tetracarboxylic diimide compound, such that the 
film exhibits a field effect:;e(ectron mdbitity greater 
than 0.001 cm^A^s. 

3. The device of claim 1, wherein the device com- 
prises a thin film transistoi: that comprises the n- 
channel semiconducting fifm^ 

4- The device of claim 3, wherein the n-channel semi- 
conducting film exhibits ari; on/off ratio of at least 
100, or at least 1000. 

5. The device of claim 1 , wherein the mobility is. 
greater than 0.03 cm^/V^,:pr is exhtoitsd tJuring 
operation of the device in^air. 



6- The device of claim 3, wherein th6 xteviee tsom* 
prises a complementary circuit, or a complemen- 
tary Inverter circuit. . 30 

7. The device of daim 1, orf^the process of claim 2, 
wherein the compound cpiriprises a naphthalene 
structure or an anthracene structure. 



The device or process of daim 7, wherein the com- 
pound is selected from a naphthalene 1. 4,5,8. tet- 
racaiboxylic acid diimide;;: .at naphthalene 2.3.6.7 
tetracarboxylic acid diimid.ei'an antfiracerie 2.3,6,7' ' 
tetracarboxylic acid diimide^arKl heterocydic varia- 
tbns of the naphthalene or Anthracene diirhides; or 
the compound comprises a5li't4,5.8-naphthaienetet- 
THcaitjoxylic acid diimide. ox^he compound has less 
than eight fused rings, or thexompound.is selected- 
from a N.N'-bis(1 H,1 H-pe:(9uorooctylj- naphtha- 
lene-1,4,5,8-teracari3oxylic::;acid diimide, a N.N- 
bis(1 H,1 H-perfluorobutyl)-n^hthalenB-1 ,4.5.8-tet- 
racarix>xyl!c acid diimide, :j;a N,N'-dioctylna^htha- 
lene-1.4,5,8-tetracaiboxylic:icid diimide, and H^W- 
bis(4-trifluoromethylbenzyljl;;. naphthatene-1 .4,5.8- 
tetracariaaxytic acid diimide; 

The device of claim i; - wherein substifuenis . 
attached to the imide nitrogens comprise linear 
chains or electron deficierit; benzyl groups^-or.the . 
substituenls comprise chaotsg having a length of 4 to- 
1 2 atoms, or having a length of 8 ato ms. . . 



10. The d^ice of claim 9. wherein the chains or benzyl 
groups or substituenls on the benzyl groups com- 
prise af least one fluoro sufastituent. or the chains 
-comprise TH.iH-perftuoTOCtyl or lfl,1 H-perfhwr- 

5 obutyl. 

11. The devicie of claim 10, wherein the atom of the 
chains attached to an imide nitrogen is free of a 
fluoro substituent, and wherein each atom distant 

w from.the imide nitrogen is attached to a fluoro sub- 
stttuent. 

12. Ttie process -Of claim 2. wherein the compound is 
"xJeposited t)y a techrMque selected from sublima- 

15 tion, solution phase deposition, and rapid sublima- 
tion, and wherein the substrate temperature is no. 
more than 100°C during the deposition. 



20 



13. A device comprising an n-channel semiconducting 
film, wherein the film exhasits a field effed electron 
mobility greater than 0.01 cm^A/s. and wherein the 
compound exhibits an extinction coeffidenf "fess 
than 1 000 at visible wavelengths above 450 nm. 

14- The device of claim 13;wh8rein the film comprises a 
naphthalene 1 ,4,5,8 tetracarboxylic acid diimide. 
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